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(54) Viterbi decoder and decision feedback equalizer for coded modulation 


(57) Decision feedback equalization is used in a 
communication system which employs coded modula- 
tion, such as trellis coded modulation. The transmitted 
stream of signal points includes first signal points that 
were generated using a particular coded modulation 
scheme interspersed with second signal points that 
were generated without the using of coding, and esti- 
mated intersymbol interference components for the sec- 
ond signal points are generated in response to tentative 


decisions as to the first signal points formed by the Vi- 
terbi decoder. Rather than forming immediate final de- 
cisions as to the second signal points, there is formed 
a tentative decision for each one of the second signal 
points associated with each Viterbi decoder state using 
an estimated intersymbol interference component pro- 
vided from a decision feedback equalizer associated 
with that state. Each second-signal-point tentative deci- 
sion is used to extend the surviving path for the associ- 
ated state and to also update its path metric. 


fig. t 


rUMOTWARO -=- 
[QUAUtfR * f 


CO 

< 

Csl 

T- 

o> 

00 
00 

o 

Q. 

LU 



(tHAl 0£ClSI0NPn-8 


OJRRCH1 SCNAl C(=0) 


Printed by Jouve. 75001 PARIS (FR) 


EP0 889 612 A3 


European Patent 
Office 


EUROPEAN SEARCH REPORT 


Application Number 

EP 98 30 4933 


DOCUMENTS CONSIDERED TO BE RELEVANT 


Category 


Crtatton of document with Indication, where appropriate, 
of relevant passages 


Relevant 
to claim 


CLASSIFICATION OF THE 
APPLICATION (tntCIJ) 


A,D 


US 5 056 117 A (GITLIN ET AL) 
8 October 1991 (1991-10-08) 

* column 8, line 25 - column 13, line 32 * 

* figure 5 * 

DUEL-HALLEN A ET AL: "DELAYED 
DECISION-FEEDBACK SEQUENCE ESTIMATION" 
IEEE TRANSACTIONS ON COMMUNICATIONS, 
vol. 37, no. 5, 1 May 1989 (1989-05-01), 
pages 428-436, XP000670554 
IEEE, NEW YORK, US 
ISSN: 0090-6778 

* section IV-B * 

GUREN H C ET AL: "Decision feedback 
sequence estimation for continuous phase 
modulation on a linear multipath channel" 
IEEE TRANSACTIONS ON COMMUNICATIONS, 
vol. 41, no. 2, February 1993 (1993-02), 
pages 280-284, XP002099092 
IEEE, NEW YORK, US 
ISSN: 0090-6778 

* section II-B * 


1-9 


1-9 


H04L25/03 
H04L27/34 
H04L1/00 


1-9 


TECHNICAL FIELDS 
SEARCHED (WCI.8) 


H04L 


The presenl search report has boon drawn up for ail claims 


Ptocc pi starch 

THE HAGUE 


Dido a* completion c* the cc*r=h 

21 June 2000 


Examiner 

Gh1gliott1, L 


CATEGORY OF CITED DOCUMENTS 

X : particularly relevant IT taken atone 

Y : particularly relevant if combined wiln another 

cocumenl ol the seme category 
A : technological background 
O : non-written disclosure 
P : Mermetfiate eocument 


T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited tr. (he apptbatan 
L : document chad for other reasons 


& : member cf the same patent taml y, corresponding 
document 


2 


EP0 889 612 A3 


ANNEX TO THE EUROPEAN SEARCH REPORT 

ON EUROPEAN PATENT APPUCATION NO. EP 98 30 4933 


This annex lists the patent family members relating to the patent documents dted In the above-mentioned European search report. 
The members are as contained In the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for fhe purpose of information. 

21-06-2000 


Patent document 

Publication 

Patent family 

Publication 

cited in search report 

date 

member(s) 

date 


US 5056117 A 08-10-1991 NONE 


i For more details about this annex :see Offidal Journal of the European Patent Office. No. 12/82 


3 


(19) 


J 


Europalsches Patentamt 
European Patent Office 
Office europeen des brevets 


(12) 


01) EP 0 889 612 A2 

EUROPEAN PATENT APPLICATION 


(43) Date of publication: 

07.01.1999 Bulletin 1999/01 

(21) Application number: 98304933.9 

(22) Date of filing: 23.06.1998 


(51) mt CIA H04L 1/00, H04L 25/03 


(84) Designated Contracting States: 

(72) Inventor: Wei, Lee-Fang • 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 

Lincroft, New Jersey 07738 (US) 

MC NL PT SE 


Designated Extension States: 

(74) Representative: 

AL LT LV MK RO SI 

Buckley, Christopher Simon Thirsk et al 


Lucent Technologies (UK) Ltd, 

(30) Priority: 02.07.1997 US 51561 P 

5 Mornington Road 

24.09.1997 US 936649 

Woodford Green, Essex IG8 0TU (GB) 

(71) Applicant: LUCENT TECHNOLOGIES INC. 


Murray Hill, New Jersey 07974-0636 (US) 



(54) Viterbi decoder and decision feedback equalizer for coded modulation 


(57) Decision feedback equalization is used in a 
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tion, such as trellis coded modulation. The transmitted 
stream of signal points includes first signal points that 
were generated using a particular coded modulation 
scheme interspersed with second signal points that 
were generated without the using of coding, and esti- 
mated intersymbol interference components for the sec- 
ond signal points are generated in response to tentative 


decisions as to the first signal points formed by the vi- 
terbi decoder Rather than forming immediate final de- 
cisions as to the second signal points, there is formed 
a tentative decision for each one of the second signal 
points associated with each Viterbi decoder state using 
an estimated intersymbol interference component pro- 
vided from a decision feedback equalizer associated 
with that state. Each second-signal-point tentative deci- 
sion is used to extend the surviving path for the associ- 
ated state and to also update its path metric. 
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Description 

This application claims priority of Provisional Application Serial No. 60/051561 which was filed on July 2, 1 997. 
5 Background of the Invention 

The present invention relates to the use of decision feedback equalization in communication systems which employ 
coded modulation. 

Decision feedback equalization is a preferred technique for compensating for intersymbol interference, or ISI, 
io engendered in certain kinds of transmission channels. In a traditional decision feedback equalization arrangement, an 
estimate of the ISI component of a received signal representing a transmitted signal point is subtracted from the received 
signal prior to a decision being made as to which signal point was transmitted. The estimate is generated as a function 
of a plurality of previous decisions-typically, as a linear combination of same. 

Using decision feedback equalization in a communication system which employs coded modulation, such as trellis 
15 coded modulation, gives rise to at least one difficulty. Specifically, the process of decoding the transmitted signal points 
involves a delay of many signaling intervals due to the use of maximum likelihood decoding in, for example, the Viterbi 
decoder that is typically used. However, the decision feedback equalizer, or DFE, requires immediate past decisions 
in order to estimate the ISI component. U.S. Patent No. 5,056,117 issued to Gitlin et al. on Oct. 8, 1991 discloses a 
joint vlterbi decoder/DFE arrangement which addresses this problem by providing a separate DFE for each state of 
20 the vlterbi decoder. The tentative signal point decisions along the surviving path of each state are used in the associated 
DFE to generate an equalized signal for use in calculating the so-called branch metrics for trellis branches emanating 
from the state in question. 

Summary of the Invention 

25 

The present invention is directed to a further enhancement of this approach in the context of systems which use 
both coded modulation and decision feedback equalization. In certain applications, the received stream of transmitted 
signal points includes first signal points that were generated using a particular coded modulation scheme interspersed 
with second signal points that were generated in some other way. One particular such application is the probabilistic 

30 trellis coded modulation scheme of the type disclosed in my co-pending United States patent applications serial no. 
08/753,351 filed Nov. 25, 1996 and serial no. 08/855,829 filed May 12, 1997, both hereby incorporated by reference. 
The invention is directed to an advantageous decoder/DFE, i.e. joint Viterbi decoder and DFE, for use in such an 
environment and, in particular, in accordance with the invention, estimated ISI components for the second signal points 
are generated in response to tentative decisions as to the first signal points formed by the vlterbi decoder. 

35 in particular embodiments of the invention, the signal points along the so-called very best surviving path within the 

Viterbi decoder could be used as the past decisions that are input to a DFE used to form the estimated ISI component 
for one of the second-illustratively uncoded-signal points and an immediate final decision as to the transmitted signal 
point could then be made. That decision would also be applied to whatever DFEs are employed in the system (such 
as the per-state DFEs mentioned above) and used over a number of subsequent signaling intervals to represent the 

40 value of the uncoded signal point in question. 

Preferred more powerful, implementations of the invention, however, form not an immediate final decision as to 
the second-again, illustratively uncoded-signal points but, rather form a tentative decision associated with each Viterbi 
decoder state using an estimated ISI component provided from a DFE associated with that state. Each second-signal- 
point tentative decision is used to extend the surviving path for the associated state and, in preferred embodiments, 

^5 to also update its path metric. 

An alternative implementation of the invention is to retain in the above joint decoder/DFE only the surviving paths 
that are associated with a reduced number, M, of states which have the smaller path metrics, and to use a separate 
DFE for each of those M states. 

Yet another alternative implementation of the invention is to retain in the joint decoder/DFE some number, M, of 

50 the surviving paths which have the smallest path metrics, even if two or more of those paths may come into a given 
state. For each surviving path, an equalized signal is formed using a DFE the inputs of which are the tentative past 
decisions from that path, the equalized signal then being used to extend that path and to update its path metric. 

Brief Description of the Drawing 

55 

FIG. 1 provides a functional view, at a particular point in time, of a joint decoder/DFE embodying the principles of 
the present invention; 

FIG. 2 is a state transition diagram illustratively used in the decoder/DFE of FIG. 1 vis-a-vis coded signal points; 
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FIG. 3 shows the joint decoder/DFE of FIG. 1 at a subsequent point in time; 

FIG. 4 is a state transition diagram illustratively used in the decoder/DFE vis-a-vis uncoded signal points; 

FIG. 5 is a combined block diagram/functional description view of the decoder/DFE of FIGS. 1 and 3 tailored for 

specific coded modulation; 

5 FIG. 6 is a state transition diagram illustratively used in the just mentioned specific coded modulation vis-a-vis 

coded signal points; 

FIG. 7 is a state transition diagram used in the just mentioned specific coded modulation vis-a-vis uncoded signal 
points; and 

FIG. 8 is similar to FIG. 5 but modified so as to implement my path-oriented, as opposed to state-oriented, approach 
io to selecting surviving paths. 

Detailed Description 

The decoder/DFE of FIG. 1 is illustratively part of a receiving modem in which a signal x^ representing a transmitted 

is signal point, is generated for the n th of a succession of signaling intervals. Signal x n was illustratively generated within 
the modem using conventional front-end steps such as sampling of an incoming line signal received from a telephone 
channel, demodulation and possibly feedforward equalization. Four replicas of x n are formed and a respective estimated 
intersymbol interference, or I SI, component is subtracted from each replica by a respective one of adders 1 0, to produce 
equalized signals x< 0 > through x< 3) . The ISI components are provided by respective ones of decision feedback equalizers 

20 20, as described below. 

The transmitted signal points represented by the x n 's were generated in a transmit modem which used illustratively 
a probabilistic trellis coded modulation scheme of the type disclosed in my above-cited co-pending '351 and '829 patent 
applications. For purposes of illustration herein, it is assumed that the transmitter uses a four-state code which is why 
four replicas of x n are formed, as will become apparent as this description continues. In particular embodiments, how- 

25 ever, other codes may be preferred, such as the 64-state code shown in those patent applications. 

Viterbi decoder 30 of the decoder/DFE receives the equalized signals x<°> through x^ 3) and provides a so-called 
final decision P n . 8 associated with the earlier signal x n . 8 . The notation here indicates that the final decision that is 
output by Viterbi decoder 30 as to the value of a particular x n is delayed by, in this example, 8 signaling intervals, this 
corresponding to the so-called decoding depth of the Viterbi decoder. The decoding depth of 8 is used herein for 

30 purposes of illustration. In actual practice, the decoding depth depends on the code that is being used and will typically 
be greater than 8. 

The representation of Viterbi decoder 30 in FIG. 1 includes a representation of the so-called trellis-made up of 
concatentations of the trellis code's state transition diagram, as described below^and further shows the so-called sur- 
viving paths extending through the trellis, each surviving path being associated with, and terminating on, one of the 

35 four states of the code, those states being denominated 0, 1, 2 and 3. As is well known, the coder in the transmit 
modem proceeds through a sequence of states which, in turn, defines a unique sequence of signal point subsets of a 
signal constellation. The coder output is a sequence of signal points each selected from a respective subset of the 
subset sequence thus defined. The task of the Viterbi decoder is to determine what the most likely sequence of signal 
points actually was, and central to that task is to determine the most likely sequence of transmitted signal points leading 

40 into each state of the code at any point in time. These are the aforementioned surviving paths, and the signal points 
along each path constitute a sequence of tentative signal point decisions. A metric is maintained for each surviving 
path, and, as described below, the current equalized signals > through xj 3 * are used to determine new surviving 
paths having updated path metrics. A final decision is thereupon made as to the value of one of the transmitted signal 
points-specifically one that was transmitted (in this case) 8 signaling intervals earlier. In particular, in preferred Viterbi 

45 decoder implementations, the path having the smallest metric at this time-called the very best surviving path-is iden- 
tified. The signal point on that path 8 signaling intervals earlier is taken as the final signal point decision. 

Each of DFEs 20 is associated with a particular one of the code states o, 1, 2 and 3. In particular, each DFE 
generates its respective ISI estimate as a function of the tentative signal point decisions which lie along the surviving 
path leading to the code state associated with that DFE. At this time, the ensemble of tentative signal point decisions 

50 along each newly determined surviving path are applied to the associated DFE in prepartion for the generation of next 
set of ISI estimates to be applied to adders 10. In particular, as is well known, a DFE forms its ISI estimate by forming 
a combination (illustratively a linear combination) of the decisions that have been input to it using an ensemble of 
coefficients whose values may be adaptively updated. Thus it will be seen that each of the equalized signals x<°> 
through x< 3) is associated with a particular state of the code in that the ISI estimate that was used to form that equalized 

55 signal was generated as a function of the then surviving path leading to the state in question. 

The process by which, as mentioned above, the current equalized signals x< 0) through x< 3) are used to determine 
new surviving paths having updated path metrics is carried out by updating unit 31 within Viterbi decoder 30. Reference 
may be made to FIG. 2. Associated with the code in question is a so-called state transition diagram which defines, for 
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each current code state, which next state or states the coder is allowed to transition to. Thus, as shown by the solid 
and dashed lines within updating unit 31 , the code can transition from current state 0 to either next state 0 or next state 
1 ; from current state 1 to either next state 2 or next state 3; from current state 2 to either next state 0 or next state 1 ; 
and from current state 3 to either next state 2 or next state 3. Each such transition is associated with one of the 

5 aforementioned constellation subsets, meaning that when the encoder transitions from a particular current state to one 
of the allowed next states, a signal point will be output by the transmitter which is taken from the subset associated 
with that state transition. A so-called branch metric is calculated for each of the (in this case) eight current-to-next- 
state transitions defined by the state transition diagram. The branch metric for each transition is given by the squared 
Euclidean distance between one of the equalized signals x<°> through x^ and the closest signal point in the subset 

w associated with that transition. That distance is typically referred to as being the distance between hte equalized signal 
and the associated subset. As shown in FIG. 2 illustrative values of the eight branch metrics are 0.4, 0.6, 0.3, 0.5, 0.5, 
0.2, 0.2 and 0.1. The particular one of the equalized signals x<°> through x< n 3 > that is used to calculate any given one 
of the branch metrics is the equalized signal associated with the state from which that branch emanates. Thus as 
shown in the FIG., equalized signal x< n 0) is used in calculating the branch metrics for the branches between current 

15 state 0 and next states 0 and 1 ; x* 1 * is used in calculating the branch metrics for the branches between current state 
1 and next states 2 and 3; x< 2) is used in calculating the branch metrics for the branches between current state 2 and 
next states 0 and 1 ; and is used in calculating the branch metrics for the branches between current state 3 and 
next states 2 and 3. There are eight candidate paths at this point, two leading into each of the four next states. Each 
candidate path has an associated metric given by the sum of the current path metric of the corresponding current state 

20 and the branch metric of the corresponding branch, the four current path metrics illustratively being 0.0, 0.2, 0.3 and 
0.5. The one of those two candidate paths having the smaller path metric is declared the new surviving path for that 
state and the corresponding path metric becomes the new path metric for that state. For example, the candidate paths 
leading into next state 0 from current states 0 and 2 have metrics of 0.4 (0.0+0.4) and 0.8 (0.3+0.5), respectively so 
that the former becomes the surviving path into next state 0. The branches shown in solid line within updating unit 31 

25 are the branches of the new surviving paths. (As is well known, normalization or other techniques may be used at this 
point to prevent the values of the path metrics from becoming so large as to possibly cause register overflow. However, 
the new path metrics shown in FIG. 2 are the pre-normalized values.) 

At this point the very best surviving paUi is that leading into state 0, it being the path with the smallest new path 
metric. The aforementioned final decision P n . 8 is now output, it being the signal point on that very best surviving path 

30 from 8 signaling intervals earlier. 

The preceding discussion has proceeded on the tacit assumption that each successive transmitted signal point is 
generated upon the occurrence of an advance in the state of the transmit encoder. However, in some applications this 
may not be the case, such as in the probabilistic TCM technique disclosed in my aforementioned co-pending patent 
applications. That is, a signal point may be transmitted without the transmit encoder state advancing. In the embodi- 
es ments disclosed in those patent applications, such signal points are selected from an uncoded "outer" sub-constellation 
and are thus referred to herein as "uncoded signal points. 

The present invention is directed to a joint decoder/DFE which is designed to provide accurate ISI estimates in 
such an environment, and in accordance with the invention, ISI estimates for the uncoded signal points are generated 
in response to tentative decisions as to the coded signal points as formed by the Viterbi decoder. 

40 in particular embodiments of the invention, the signal points along the very best surviving path within the Viterbi 

decoder can be used as the past decisions input to a DFE used to form the ISI estimate for one of the uncoded signal 
points and an immediate final decision as to the uncoded signal point can be made. That decision would also be applied 
to whatever DFEs are employed in the system (such as the per-state DFEs mentioned above) and used over a number 
of subsequent signaling intervals to represent the value of the uncoded signal point in question. 

45 A more powerful, and preferred, implementation of the invention, however, is as shown in FIG. 3. In this imple- 

mentation we do not form an immediate final decision as to the uncoded signal points but, rather, a tentative decision 
associated with each Viterbi decoder state using an ISI estimate provided from a DFE associated with that state. Each 
uncoded signal point tentative decision is used to extend the surviving path for the associated state and, in preferred 
embodiments, to also update its path metric. 

50 This approach is illustratively implemented by the decoder/DFE structure of FIG. 3 in the (n + 1) st signal interval. 

That is, it is assumed that the transmitted signal point in the (n + 1 ) Gt signaling interval was one of the uncoded signal 
points. FIG. 3 is similar to FIG. 1, except that since the received signal x^ represents an uncoded signal point, the 
state transition diagram used in updating unit 31 is that shown in FIG. 4. In particular, since the transmit coder state 
does not advance when an uncoded signal point is generated, the state transition diagram used by updating unit 31 

55 for uncoded signal points simply comprises four parallel branches, each extending from the current state to the same 
next state, i.e., current state 0 to next state 0, current state 1 to next state 1 , and so forth. As described in further detail 
hereinbelow, a decision is made as soon as each signal is received as to whether it represents a coded or uncoded 
signal point. The value of a one-bit control signal C indicates the result of that decision-C =0(1 ) for a coded (uncoded) 
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signal point C is used by updating unit 31 to determine which state transition diagram is to be used-that of FIG. 2 for 
coded signal points or that of FIG. 4 for uncoded signal points. Thus C = 1 for the illustrative (n+1 J 51 signaling interval 
represented by FIG. 3. 

Once it is recognized that the state transition diagram of FIG. 4 is to be used at this time for purposes of updating 

s the path metrics and finding the surviving paths, the overall operation is essentially the same as before. Each one of 
equalized signals through is used to calculate a respective one of the four branch metrics-given by the 
squared Euclidian distance between that equalized signal and the closest encoded signal point of the transmit con- 
stellation. The four branch metrics are illustratively 0.5, 0.2, 0.3 and 0.3. The current path metrics 0.4, 0.5, 0.5 and 
0.6-which will be recognized as being the updated path metrics of FIG. 2-are themselves updated to provide new 

io updated path metrics 0.9, 0.7, 0.8 and 0.9. Since only one path extends into each new state, each new surviving path 
is simply an extended version of the surviving path previously extending into that state. Also as before, the very best 
surviving path is identified-now it is the path leading into state 1-and a final decision P n . 7 is output, it being the signal 
point along that very best surviving path from 7 signaling intervals earlier. 

FIG. 5 provides a combined block diagram/functional description view of the decoder/DFE of FIGS. I and 3 tailored 

15 for probablistic trellis-coded modulation of the type described in the above-cited patent applications. As such, the coded 
signal points are the signal points of the so-called inner sub-constellation of the overall signal constellation and the 
uncoded signal points are the signal points of the so-called outer sub-constellation of the overall signal constellation. 
Illustratively the code used is that implemented by the coder shown in FIG. 5 of my above-cited '829 patent application. 
The state transition diagram for that code is shown in the present FIG. 6, in which the branches are labeled with their 

20 associated inner sub-constellation subsets 0, 1, 2 and 3, corresponding to the bit pair values (0,0), (0,1), (1,0) and 
(1,1) for the bit pair (X1, X0) shown in the various appendices of the '351 and '829 patent application as well as the 
appendices hereof. In addition, the structure of the transmitter is that shown in FIG. 6 of the '829 application and the 
constellation is that shown in Appendix II thereof. 

Looking then at FIG. 5, the received signal x n is processed at block 51 to produce an equalized signal associated 

25 with each state of the code. As indicated in the FIG., the functionality of this block is that for each state, i, of the code, 
an equalized signal xjp is formed using a DFE whose inputs are the tentative past decisions along the surviving path 
associated with the i th state. 

A signal indicative of whether the received signal represents a coded, inner sub -constellation, signal point or an 
uncoded, outer sub-constellation signal point is provided by sub-constellation decision block 52 in a manner to be 

30 described. That signal corresponds to one-bit control signal C in FIGS. 1 and 3. 

Assuming that the received signal has been determined to represent a coded, inner sub-constellation signal point, 
switch 53 is in the "down" position and the equalized signals are processed at block 56. As indicated in the FIG., the 
functionality of this block is that for each state, i, of the code, we use xfj* to find a) the closest signal point in the subset 
associated with each branch and b) the branch metric for each branch emanating from that state based on the state 

35 transition diagram of FIG. 6. Then, at block 57, the path metrics and the surviving paths are updated based on the 
same state transitiondiagram. Switch 58 will be in the "down" position at this time so that the flow proceeds to block 
59 at which the very best surviving path is found and a final output decision is made. 

If, on the other hand, the received signal has been determined to represent an uncoded, outer sub-constellation 
signal point, switch 53 is in the "up" position and the equalized signals are processed at block 54. The functionality of 

40 this block is essentially similar to that of block 56 except that the state transition diagram is that shown in FIG. 7. As 
with the state transition diagram of FIG. 4, the state transition diagram of FIG. 7 comprises a single branch emanating 
from each current state and extending to the same next state. Each branch is associated with the entire outer sub- 
constellation. Thus, as indicated in the FIG., the functionality of this block is that for each state, i, of the code, we use 
x^ to find a) the closest outer sub-constellation signal point and b) the branch metric for the branch emanating from 

45 that state. Then, at block 55, the path metric is updated and the surviving path is extended, as noted earler. Switch 58 
will be in the "up" position at this time so that the flow proceeds to block 59 at which, as before, the very best surviving 
path is found and a final output decision is made. 

A decision as to whether signal x„ represents an inner or outer sub-constellation signal point would be most ac- 
curately made if one were to wait for the Viterbi decoder to provide a final decision as to that signal. However, that 

50 decision must be made at sub-constellation decision block 52 soon as the signal is received. One can, however, use 
at least a portion of what it has already "learned 0 by the Viterbi decoder to aid in making that decision. In particular, as 
indicated in the FIG., a combining step 62 and a decision feedback equalization block 61 are used to form an equalized 
signal x< b > at the time signal x n is received, the inputs of block 61 being the tentative past decisions from the very best 
surviving path of the Viterbi decoder. Based on whether signal x< n b) falls into the region of the inner or outer subcon- 

55 stellation, subconstellation decision block 52 makes the inner or outer subconstellation decision. Since the ISI estimate 
is based on an assumed sequence of past signal points that may turn out to be not wholly correct, and since the decision 
as to whether the received signal is from the inner or outer sub-constellation is crucial to the performance of the overall 
system, it may be desired to provide some additional protection against making an error as to the sub-constellation. 
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To this end, the constellation may be designed in such a way that the distance between its inner and outer sub-con- 
stellations is greater than would be otherwise dictated by other design criteria, e.g., greater than the effective minimum 
distance of the overall modulation scheme. Such a constellation is shown in Appendix I hereof, this constellation being 
very similar to that shown in Appendix II of the *829 application except that the distance between the inner and outer 

5 sub-constellations has been increased from 16 to 32. 

In applications where bit robbing (as described in the *829 application) may occur, the constellation shown in Ap- 
pendix m of the '829 application may be used for the bit-robbed signaling intervals. In the context of FIG. 5 hereof, a 
bit robbing indicator indicating the occurrence of a bit-robbed signaling interval would be applied at blocks 52, 54 and 
56, causing the use of that constellation at those blocks. If desired, in order to provide greater reliability for the inner/ 

w outer sub-constellation decision for the bit-robbed intervals, the constellation shown in Appendix il hereof may be used 
instead, it having a distance between the inner and outer sub-constellations of 44, as compared to 16 for the constel- 
lation shown in Appendix III of the '829 application. 

A further consideration relative to bit robbing is as follows: On the one hand, although a transmitted signal point 
can be received as another signal point due to bit robbing, both of those signal points map back into the same transmitted 

is bit pattern so from that standpoint there is no problem, as discussed in my "829 application. A potential problem arises, 
however, in that the decision as to the amplitude of the signal point is fed back to the DFE and it is possible that, due 
to noise and impairments between the receiving central office and the receiving modem, the signal point that was 
transmitted from the central office to the receiving modem may become so displaced that an incorrect decision is made 
in the receiving modem as to which of the two signal points was sent. The presence of this incorrect decision in the 

20 DFE will have a negative effect on the accuracy of the decoding process. 

There are at least two ways to deal with this situation. One of them is to design the constellation in such a way 
that the distance between each pair of signal points that become one another due to bit robbing is at least the same 
as the effective minimum distance of the overall modulation scheme. By following this approach, one would ensure 
that any errors that occur in making decisions between the points in the same pair will not become the dominating 

25 errors in terms of the overall performance. The constellation shown in Appendix III, which could be used for the bit- 
robbed intervals; follows this approach. It may be observed, first of all, that the distance between each pair of points 
is at least 16, which is greater than the effective minimum distance '15° of the overall modulation scheme using the 
constellation of Appendix I for the non-bit robbed intervals. It may also be observed that the constellation of Appendix 
III is comprised solely of an outer sub-constellation whose smallest magnitude signal points are +/- 247.5. No signal 

30 points of smaller amplitude can be used because below the magnitude of 247.5, the distance between each pair of 
signal points is less than 15, thereby violating the desired design constraint. Moreover, since the minimum distance of 
16 between different pairs of signal points of the constellation of Appendix m is already greater than the effective ' 
minimum distance of the overall modulation scheme, there would be no benefit to using coding to that constellation. It 
may be noted that the number of signal point pairs in this constellation is 30. As a consequence, this approach will 

35 support one less bit during the bit-robbed intervals than for the case of Appendix It. The choice between the use of the 
constellations of Appendices II and III will be made based on whether one is willing to endure the lower level of error 
rate performance provided by the constellation of Appendix II in order to have a higher bandwidth efficiency. 

The other approach is to design the constellation in such a way that the distance between each pair of points that 
become one another due to bit robbing is much smaller than the effective minimum distance of the overall modulation 

40 scheme, so that an error made in the receiver as to which one was transmitted will have a negligible effect on the 
decoder/DFE performance. In fact, one can use both of these approaches together, for example, having an inner, 
coded sub-constellation wherein each pair of signal points are very close together and an uncoded outer sub-constel- 
lation wherein each pair of signal points are very far apart, as just described. 

The above-described methodology used in the Vlterbi decoder to select surviving paths follows a conventional, 

45 state-oriented, approach wherein, as will be recalled, the path having the smallest path metric among all paths coming 
into a given state is retained as a surviving path. This approach is indeed the most desirable approach when dealing 
with Gaussian channels. 

I have discovered, however, an alternative approach that is more advantageous for, for example, channels engen- 
dering a significant amount of intersymbol interference. In accordance with that approach, referred to herein as a "paih- 

50 oriented" approach-the paths that are retained as the surviving paths are some number, M, of the paths which have 
the smallest path metrics, even if two or more of those paths may come into a given state. I have discovered that this 
path-oriented approach will achieve substantially the same (or only negligibly worse) level of performance as the state- 
oriented approach with a much reduced level of decoder complexity. For example, using a 64-state code, one can use 
M = 16-that is, retaining only the 16 best paths-and achieve essentially the same performance as the much more 

55 complex state -oriented approach in which 64 paths-one for each state-are retained. Moreover, in at least one case, I 
have observed that the simpler path-oriented approach can even outperform the state-oriented approach. 

It is known that in order to reduce decoder complexity one can use a reduced-state state-oriented approach in 
which the surviving paths leading into only a reduced number of states are retained, those being the states having the 
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smaller path metrics. For a given code, the complexity of a reduced state scheme which retains the paths leading into 
M states is comparable to the complexity of my path-oriented approach retaining the M best paths. However, as between 
two such more-or-less equally complex approaches, it appears that the performance of the path-oriented approach 
will almost always be at least as good and, in some cases, will be much better. 

s FIG. 8 shows the implementation of my path-oriented approach for joint decoder/DFE in the present context of 

probablistic TCM. More particularly, various elements shown in FIG. 8 correspond, either exactly, or with modifications, 
to those shown in FIG. 5. Those that correspond exactly bear the same reference numeral, whereas blocks 51, 54, 
55, 56 and 57 are replaced in FIG. 8 with blocks 851, 854, 855, 856 and 857. 

In blocks 851, 854 and 856 the calculations that are carried out vis-a-vis the equalized signal xjj) are carried out 

10 for each M best surviving paths rather than for each state of the code. And in blocks 855 and 857 a new set of M best 
surviving paths are identified, along with their associated path metrics, rather than, as in FIG. 5, identifying an updated 
surviving path, and its associated metric, for each state. 

The foregoing is merely illustrative. Thus, for example, it will be appreciated by those skilled in the art that the 
block diagrams herein represent conceptual views of illustrative circuitry embodying the principles of the invention. 

is The functions of the various elements shown in the FIGS, would, in preferred embodiments, be implemented by one 
or more programmed processors, digital signal processing (DSP) chips, or the like rather than individual hardware 
elements. Similarly, the switches shown in the FIGS, are conceptual only. Their function would typically be carried out 
through the operation of program logic. 

In the claims hereof any element expressed as a means for performing a specified function is intended to encom- 

20 pass any way of performing that function including, for example, a) a combination of circuit elements which performs 
that function or b) software in any form (including, therefore, firmware, microcode or the like) combined with appropriate 
circuitry for executing that software to perform the function. The invention is defined by such claims resides in the fact 
that the functionalities provided by the various recited means are combined and brought together in the manner which 
the claims call for. Applicant thus regards any means which can provide those functionalities as equivalent as those 

25 shown herein. 

It will be appreciated by those skilled in the art that they will be able devise various arrangements which, although 
not explicitly shown or described herein, embody the principles of the invention and thus are within its spirit and scope. 
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Claims 

1 . A maximum-likelihood decoding method for decoding a stream of signal points, a first plurality of said signal points 
having been generated using a predetermined code defined by a state transition diagram and a second plurality 

5 of said signal points having been generated not using said predetermined code, said method comprising the steps 

of 

a) maintaining path metrics respectively associated with at least ones of the states of said code, 

b) responsive to each received first plurality signal point, generating for each of said ones of said states, a 
10 branch metric associated with each next state to which said each state is connected by a particular branch in 

the state transition diagram, and computing an updated path metric for at least ones of said states based on 
their associated path metrics and the generated branch metrics, and 

c) responsive to each received second plurality signal point, generating for each of said ones of said states a 
branch metric associated only with that particular state, and computing an updated path metric for at least 

15 ones of said states based on the existing path metrics and the generated branch metrics, 

2. The invention of claim 1 wherein said first plurality signal points are representative of signal points of a first signal 
constellation, wherein each of the branches of said state transition diagram is associated with a respective subset 
of said first signal constellation and wherein in step b) each said branch metric is a function of the distance within 

20 said constellation between said each received first plurality signal point and the subset associated with each said 

particular branch. 

3. The invention of claims 1 or 2 wherein said second plurality signal points are signal points of a second signal 
constellation, and wherein in step c) said branch metric is a function of the distance in said second signal constel- 

25 lation between said each received second plurality signal point and the nearest signal point of said second signal 

constellation. 

4. The invention of claim 3 wherein said first and second signal constellations are respective sub-constellations of 
an overall signal constellation. 

30 

5. The invention of claim 3 comprising the further step of forming decisions as to values of said stream of signal points 
in response to the updated path metrics. 

6. A method for use in a Viterbi decoder for decoding a stream of signal points corrupted by intersymbol interference, 
35 the method comprising the steps of 

a) generating in response to each received signal point a plurality of equalized signal points, each equalized 
signal point being generated as a function of a respective estimate of the intersymbol interference component 
of said each received signal point, each estimate being a function of a respective present surviving path of 

40 said Viterbi decoder, 

b) generating updated surviving paths for said Viterbi decoder as a function of the set of equalized signal 
points, and 

c) forming a decision as to a particular one of the signal points of said stream as a function at least of a particular 
one of the updated surviving paths, 

45 

a first plurality of said signal points having been generated using a particular trellis code and a second plurality 
of said signal points having been generated elsewise. 

7. The invention of claim 6 wherein in step a) said each estimate is formed by a decision feedback equalizer which 
50 utilizes as its input decisions tentatative decisions as to the values of said stream of signal points which lie along 

the respective present surviving path. 

8. The invention of claim 6 wherein each of said present surviving paths has an associated metric and wherein step 
b) comprises the steps of 

55 

generating a path metric for each of a plurality of candidate paths, each candidate path comprising a respective 
one of the present surviving paths extended from its respective terminating state of the trellis code i) along a 
branch of the trellis code state transition diagram, if said received signal point is one of said first plurality signal 
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points, or ii) to that same state, if said received signal point is one of said second plurality signal points ; and 
selecting ones of the candidate paths to be said updated surviving paths, said selecting being in response to 
the path metrics generated for the candidate paths. 

A method for decoding a stream of signal points, a first plurality of said signal points having been generated using 
a predetermined trellis code defined by a state transition diagram, a second plurality of said signal points having 
been generated not using said predetrmined code, said method comprising the steps of 

maintaining a path metric associated with each of a plurality of surviving paths through the code trellis, each 
of said surviving paths terminating on a respective state of the code, 

responsive to a received one of said signal points, generating an updated path metric for each of a plurality 
of candidate paths, each candidate path comprising a respective one of the surviving paths extended from 
the respective terminating state a) along a branch of said state transition diagram, if said received signal point 
is one of said first plurality signal point, or b) to that same state, if said received signal point is one of said 
second plurality signal points, 

identifying new surviving paths from the candidate paths as a function of the updated path metrics, and 
forming a decision as to the value of a previously received one of said signal points as a function of at least 
one of said new surviving paths. 
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